1. Introduction {#sec1}
===============

Sub 4 nm sized nanoparticles have continued to attract the attention of researchers since they produce materials that possess novel as well as unique physical and chemical properties.^[@ref1]−[@ref3]^ The transition-metal nanoparticles such as gold, silver, and copper find application in many areas like chemical, catalysis, optical, electronic devices, sensors, dye-sensitized solar cells (DSSCs), environmental, biological, and pharmaceutical technologies.^[@ref4]−[@ref7]^ Among the metallic nanoparticles available, copper has always been one of the favorites because of its easy availability, good thermal conductivity, and low cost compared with Au and Ag.

Thanh et al. have clearly indicated that the nucleation and growth of NPs have been described through the LaMer burst nucleation and following Ostwald ripening to describe the change in the particle size.^[@ref8]^ There are three steps involved in the formation of nanoparticles: (1) initial nucleation of seed metal clusters, (2) preferential adsorption of capping agents on selected facets of the seed nanocrystal, and (3) anisotropic growth of the metal in the other facets.^[@ref9],[@ref10]^ The most important challenge in the development of catalytic nanoparticles is to synthesize nanomaterials that are highly stable, active, inexpensive, selective, and robust.

Copper can undergo several reactions due to its wide range of accessible oxidation states (Cu^2+^, Cu^1+^, and Cu^0^), which facilitate reactivity via both one- and two-electron pathways.^[@ref11]^ Copper and copper-based compounds withstand higher temperature, and they can be used in chemical reactions, microwave-assisted reactions, vapor-phase reactions, flow reactions, and various organic transformations with high pressure and temperature.^[@ref12],[@ref13]^ If copper NPs are prepared with supporting materials such as polymers, SiO~2~, iron oxides, and carbon-based materials, it is one of the best ways of crafting an economical as well as advanced copper nanomaterial for catalysis.^[@ref14],[@ref15]^ Copper NPs are extensively used as catalysts for many reactions such as reduction, oxidation, azide/alkyne cycloaddition, cross coupling, Ullmann reaction, gas-phase reactions, electrocatalysis, photocatalysis, A3 coupling reactions, Domino azidolysis, and water--gas shift reaction.^[@ref16],[@ref17]^

There are only a few reports available on the preparation of Cu NPs with highly stable and extremely tiny particles (\<2 nm size), and these methods employ drastic conditions.^[@ref1],[@ref18],[@ref19]^ Copper is easily oxidized by air, and hence, it is difficult to prepare Cu NPs under an ambient atmosphere. Mostly, the Cu NPs have been prepared by using hazaradous capping as well as reducing agents such as CTAB (cetyl trimethylammonium bromide), DBS (dibutyl sebacate), EDA (ethylenediamine), PVA (poly(vinyl alcohol)), PVP (polyvinylpyrrolidone), NaBH~4~, NaPO~3~, and N~2~H~4~·H~2~O besides maintaining a nitrogen atmosphere and elevated reaction temperature.^[@ref20]−[@ref23]^[l]{.smallcaps}-Ascorbic acid is a naturally occurring material, and it acts as a capping, mild reducing, and an antioxidant agent.^[@ref24]^ Several methods are available for the preparation of Cu nanostructures such as surfactant-assisted reduction, sonochemical, electrochemical, chemical reduction, thermal decomposition, chemical and physical vapor deposition, irradiation with UV light, γ-irradiation, microemulsion, laser ablation method, polyol, and reverse micellar systems.^[@ref25]−[@ref27]^

The chemical reactions are easily carried out by high-intensity ultrasound sonication, which produces strong cavitation, and it is enough for carrying out reduction, oxidation, decomposition, and dissolution.^[@ref28]^ Sonochemistry has a lot of advantages such as green, facile, rapid reaction rates, nonhazardous, and controllable reaction conditions and produces particles with uniform sizes and shapes. Wang et al. have reported that the sonochemical method is an effective route to synthesize a variety of nanomaterials such as transition-metal NPs, semiconductors, nanostructured materials comprising noble metals, polymeric materials, and carbon materials. This is due to the acoustic cavitation, which results in the formation, growth, and implosive collapse of bubbles in solution. Such a process creates localized hot spots with high pressure (1000 atm), temporary high temperature (\>5000 K), and cooling and heating rates in excess of 1010 K s^--1^.^[@ref29]−[@ref31]^

Noble-metal fluorescent nanoparticles have attracted considerable interest on account of their interesting properties and potential applicable importance in many fields.^[@ref32]^ Metal NPs with discrete energy levels show molecule-like electronic transitions within the conduction band and exhibit unique physical and chemical properties, as well as practical applications in areas such as in cell labeling, ion sensing, and catalysis. The surfactant is an important factor governing the formation of nanoparticles in the solution phase because it can stabilize the nanoparticles and enhance their optical properties. Due to their strong quantum-confinement effect, Cu NPs can exhibit an overall fluorescence emission in the range of 500--650 nm.^[@ref33]^ The fluorescence of Cu NPs can be tuned by using some surface-protecting ligands such as DNA, proteins, polymers, and thiols, which improve their stability and water solubility by providing a protecting layer on the surface of Cu NPs.^[@ref34],[@ref35]^

Small colloidal metal NPs exhibit superior catalytic activity due to their high surface-to-volume ratio and high surface energy that made surface atoms fairly active. Caldas et al. have indicated that the catalytic activity of NPs is structure- and size-sensitive and depends strongly on the atomic structure at its surface. Altering the metal NP size was found to influence catalytic activity and selectivity in some reactions.^[@cit36a]^ Click chemistry is defined by Sharpless et al.^[@cit36b]^ as a concept to allow a common linkage of chemical molecules, avoiding the use of highly reactive/crossreactive intermediates. Li and Binder have indicated that the surfaces where click chemistry has been successfully used are Langmuir--Blodgett layers, polymeric surfaces, and liquid/liquid interfaces/block-copolymeric interfaces. Obviously, the concept of the azide/alkyne click reaction has been transferred to strongly control surface of NPs (Au, Fe~2~O~3,~ CdSe, and SiO~2~ NPs).^[@ref37]^

Triazoles are surprisingly stable compared to other organic compounds with three adjacent nitrogen atoms, and they are capable of hydrogen bonding. This property is responsible for binding biomolecular targets as well as the increased solubility of the compounds. The triazole derivatives such as S-3307 (4-chlorobenzalpinacolone), S-3308 (2,4-dichlorobenzalpinacolone),^[@ref38]^ triadimefon, and paclobutrazol are recommended for use both as fungicides and plant growth regulators. The corrosion inhibition properties of triazoles are also well-documented. They have been employed as new corrosion inhibitors for the muntz alloy (Cu:Zn 60:40) in acidic and neutral solutions. The special property of the 1,4-disubstituted 1,2,3-triazole ring in terms of its capability to participate in hydrogen bond and dipole--dipole interactions has made click chemistry even more useful for a variety of applications.^[@cit38a],[@ref39]^

Herein, we report the synthesis of stable, water-soluble, fluorescent and, sub 1 nm particle sized Cu NPs using PAA as the capping agent. The resulting PAACC NPs are characterized by DRS UV--visible, XPS, PL, FESEM, and HRTEM techniques. As-prepared PAACC NPs exhibit orange fluorescence with a peaking center at 560 nm. The PAACC NPs display high catalytic activity toward the synthesis of 1,2,3-triazole compounds via click reaction under mild reaction conditions with excellent regioselectivity besides its eco-friendly nature. Recently, benzoxazole- and benzothiazole-capped triazole compounds have been used as additives in DSSCs and organic light-emitting materials.^[@ref55]^

2. Results and Discussion {#sec2}
=========================

The synthetic methodology of sub 1 nm sized PAACC NPs is given in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Synthesis of sub 1 nm sized PAACC NPs.](ao9b03995_0009){#fig1}

2.1. The Mechanistic Details for the Synthesis of PAACC NPs {#sec2.1}
-----------------------------------------------------------

The mechanism of the reduction process must take into consideration the radical species generated from ascorbic acid and water molecules by high-intensity ultrasound. The reaction pathway and mechanism are explained in the above [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}.

![Mechanistic Pathway for the Formation of PAACC NPs](ao9b03995_0003){#sch1}

The Cu^2+^ ions form a complex with PAA, and subsequently, colloidal Cu(OH)~2~ is formed by the addition of sodium hydroxide with continuous sonication ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The colloidal copper hydroxide was reduced to metallic Cu NPs by [l]{.smallcaps}-ascorbic acid by high-intensity (30 KHz) ultrasound sonication. The reduction of Cu NPs occurs in two stages. The blue Cu(OH)~2~ was immediately reduced to yellow Cu~2~O by ascorbic acid (first step). The Cu~2~O is not stable for a long time and is further reduced to Cu NPs with continuous sonication (second step).^[@ref40]^ Both ascorbic acid and water molecules produce more H· radicals in the presence of high-intensity ultrasound sonication. These H· radicals are capable of reducing Cu^2+^ ions to form Cu^0^. There is a possibility for the formation of H~2~O~2~ by the recombination of OH· radicals, which can easily oxidize Cu^0^ to Cu~2~O.^[@cit40a]^ However, adding an excess amount of ascorbic acid, the formation of H~2~O~2~ can be prevented due to scavenging of OH· radicals by ascorbic acid, and the yield also increases. The above mechanism clearly indicates the reaction pathway for the formation of Cu NPs and suggests that there is no need for an inert atmosphere ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

The pH, concentration of ascorbic acid, reaction time and sonication intensity play important roles in the synthesis of sub 1 nm sized PAACC NPs. The major problem is the oxidation of Cu NPs in the aqueous medium by air, and hence, the capping agent was used to prevent their oxidation. A mixture of copper nitrate and PAA was sonicated for 5 min. The maintenance of pH of the solution is very important. Wang et al. clearly indicated the role of pH in the synthesis of Cu NPs. When the pH is 9.2--10.5, the particle size is 30 nm, and when the pH is above 10.5, the particle size increases, the absorption maximum is shifted to 575 nm, and the formation of impurities such as Cu~2~O and CuO is prevented.^[@ref41]^ We have reported in our earlier communication that the optimum pH for the synthesis of Cu NPs (\<2 nm) is around 8--9, and the particle size is inversely proportional to the concentration of ascorbic acid.^[@ref42]^ If the sonication intensity and irradiation time are reduced, then the formation of PAACC NPs does not occur completely, and it will increase the reaction time besides the presence of starting materials as trace impurities with PAACC NPs. Dhas et al. and Vijaya Kumar et al. employed low ultrasound frequency (20 kHz) with 1.5 atm argon gas for the preparation of Cu NPs, and they carried out the reaction for 2 to 3 h.^[@ref26],[@ref43]^ In the present investigation, high-intensity ultrasound (30 kHz) was employed under ambient conditions, and the reaction was carried out within 30 min.

The optical behavior of sub 1 nm sized PAACC NPs was investigated by UV--visible diffuse reflectance spectroscopy, which provides further information on the NP size and shape. The DRS spectrum was recorded for the powder form of PAACC NPs in the range of 400 to 800 nm. The shape of the peak and its position vary with pH, concentration of ascorbic acid, sonication intensity, and reaction time.

Xiong et al. have reported that UV--vis spectroscopy is proven to be a very useful technique for studying metal NPs because the peak position and shape are sensitive to particle size.^[@ref44]^ Singh et al. have indicated the relation between SPR and particle size.^[@ref45]^ The absorption spectrum of sub 1 nm sized PAACC NPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) shows only one broad peak at 537 nm, which is attributed to SPR of Cu NPs.^[@ref46]^ It has already been reported^[@ref41]^ that the absorbance maximum of Cu NPs with particle size of 1.5 nm is 550 nm. However, in the present case, the absorption spectrum of sub 1 nm sized PAACC NPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) shows only one broad peak at 537 nm, and it undergoes a blue-shift, which means that the particle size decreases further and is confirmed by HRTEM analysis. The reaction of Cu(II) salt, PAA, and [l]{.smallcaps}-ascorbic acid under high-intensity sonication results in sub 1 nm sized Cu NPs without the formation of impurities like Cu~2~O, which was confirmed by the absence of the peak at ∼460 nm.^[@ref47]^

![DRS UV--visible spectrum of PAACC NPs.](ao9b03995_0008){#fig2}

The elemental analysis of PAACC NPs was recorded by high-resolution XPS. The survey spectrum confirms the presence of only Cu, C, and O elements in PAACC NPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the peak fitting spectrum of the copper core level, which shows the peak at 932.7 eV attributed to Cu 2p~3/2~, and it indicates the formation of copper NPs in the zero-valent oxidation state.^[@ref48]^ The peak at 940.7 eV is assigned to the shake up satellite peak of Cu NPs, which suggests that the PAA is very tightly bound to Cu NPs. The FWHM value of PAACC NPs is 1.0 eV, which lends further evidence to the formation of copper NPs in the zero-valent state without any impurities (CuO and Cu~2~O). The C 1s peak fitting spectrum shows the binding energies at 285, 288, and 291.4 eV, which correspond to (O=C--O), (C--C/C--H), and (C--OH), respecively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows the O 1s peak fitting spectrum, which exhibits binding energies at 530.8 and 533.3 eV due to (O=C--O) and (C--OH), respectively,^[@ref49]^ and it confirms the different contributions of oxygen in PAACC NPs. Based on the above results, it is inferred that the Cu NPs strongly chemisorp on the surface of PAA, and the particle aggregation and oxidation of Cu NPs were successfully prevented by PAA.

![XPS images of PAACC NPs: (a) survey spectrum, (b) peak fitting spectra of Cu 2p~3/2,~ (c) C 1s, and (d) O 1s.](ao9b03995_0007){#fig3}

The photoluminescence (PL) spectrum obtained from PAACC NPs is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The PL results show the typical emission band at 561 nm. Qing et al. have reported that the 1.7 nm Cu NP cluster exhibits an emission band at 615 nm.^[@ref50]^ Barthel et al. have shown that the 1.5 nm Cu cluster exhibits an emission band at 583 nm.^[@ref51]^ In the present case, the PAACC NPs exhibit a narrow emission band in the visible region at 561 nm, which is 20--55 nm blue-shifted. The PL study confirms that the size of PAACC NPs is less than 1 nm.

![Fluorescence spectrum of PAACC NPs.](ao9b03995_0006){#fig4}

The morphology of PAA-capped Cu NPs was examined by FESEM. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A shows the high-magnification SEM image of the Cu-NP-loaded PAA matrix, which clearly indicates that the copper NPs are uniformly distributed on the PAA matrix without any aggregation.

![(A) FESEM image, (B) EDAX pattern, (C) HRTEM image, and (D) SAED pattern of PAACC NPs.](ao9b03995_0005){#fig5}

The elemental composition of PAACC NPs was analyzed by EDAX. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B reveals that PAACC NPs consist of only the Cu element, whereas the detected O element should be mainly attributed to PAA coating on the surface of Cu NPs, and other impurities are not present.

The size and shape of PAACC NPs were determined by HRTEM. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C shows the high-magnification HRTEM image of PAACC NPs from one cluster. The dark region is surrounded by white features, which confirm that Cu NPs are uniformly capped by PAA. The HRTEM image did not show clearly the particle size because the particles are sub 1 nm, which surpasses the resolution limit of the HRTEM instrument. The HRTEM image provides a clear indication that Cu NPs are distributed without any aggregation, which is observed only under optimized reaction conditions. The average particle size is predicted to be around 0.7 ± 0.2 nm using ImageJ software. The selected area electron diffraction (SAED) arrangement of PAACC NPs confirms the formation of crystalline PAACC NPs with the fcc structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D).^[@ref52]^

2.2. Catalytic Activity {#sec2.2}
-----------------------

The catalytic performance of PAACC NPs was investigated for the Huisgen 1,3-dipolar cycloaddition of an organic azide to an alkyne. The Huisgen 1,3-dipolar cycloaddition reaction between azides and terminal alkynes is possibly the most well-known click reaction and has made a durable inscription on synthetic, biological, and industrial chemistry.^[@ref53]^ Copper-nanoparticle-based azide/alkyne cycloaddition is a robust coupling reaction that forms a 1,2,3-triazole ring system, which has a number of applications.^[@ref54]^ Click reaction is a relatively facile method to couple organic and inorganic components, which results in high yield, short reaction time, and excellent regioselectivity. The mild reaction conditions, tolerance to different functionalities, and the lack of by-products make click reaction an attractive synthetic method to build dendrimers and dendritic polymeric materials.^[@cit54a],[@ref55]^

The PAACC NPs were used to catalyze (1.0 mol %) the reaction of azides and alkynes using sodium ascorbate as a mild base in THF:water (1:1 ratio) at room temperature, and the reaction was completed within 3 h ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). The resultant 1,2,3-triazoles were obtained in good yield. The triazole products were confirmed by UV--visible, FT-IR, and NMR spectral techniques.

![Synthesis of Triazole Compounds by PAACC NPs as Catalysts](ao9b03995_0002){#sch2}

The absorbance spectra of triazole compounds **11**--**19** are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, and the absorbance maximum values are provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03995/suppl_file/ao9b03995_si_001.pdf). The *para* compounds **11**, **14**, and **17** exhibit their absorption maxima near the visible region (343, 343, and 344 nm, respectively), which are due to the (n → π\*) transition. The absorption maxima in the case of *ortho* compounds **12**, **15**, and **18** (λ~max~ = 325, 326, and 325 nm, respectively) and *meta* compounds **13**, **16**, and **19** (λ~max~ = 302, 302, and 301 nm, respectively) are blue-shifted when compared to those of *para* derivatives, which are assigned to the (π → π\*) transition. The absorbance maximum values also closely match with those of reported values.^[@ref54]^ The absorbance spectra clearly show the difference between *ortho*, *para*, and *meta* derivatives, which are further confirmed by the NMR spectral study.

![Absorbance spectra of triazole compounds (**11**--**19**).](ao9b03995_0004){#fig6}

The functional groups of the triazole compounds **11**--**19** are indicated by FT-IR, which are shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03995/suppl_file/ao9b03995_si_001.pdf), and the data are provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03995/suppl_file/ao9b03995_si_001.pdf). Compound **18** shows the absorbance bands at 3143 and 2108 cm^--1^, which are assigned to the stretching frequencies of HC=CH and triazole ring, respectively. The wavenumbers at 3055, 2926, and 2853 cm^--1^ correspond to aliphatic and aromatic CH stretching vibrations. The N=C group is observed at 1632 and 1455 cm^--1^. The band observed at 1512 cm^--1^ is assigned to the −O--C=N vibration, whereas the band at 1238 cm^--1^ corresponds to the −C--O--C-- stretching vibration. The frequency at 1109 cm^--1^ is assigned to the −C--O stretching vibration, which confirms the formation of O-alkylation, and the band at 1052 cm^--1^ corresponds to the −N--N stretching vibration.^[@ref56]^

The formation of triazole compounds (**11**--**19**) was further confirmed by NMR. The ^1^H NMR spectrum of compound **19** is reproduced in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03995/suppl_file/ao9b03995_si_001.pdf), which clearly indicates singlets at δ 5.13 and δ 5.72 ppm, which correspond to four N-methylene and O-methylene protons, respectively, and a singlet at δ 8.35 ppm corresponds to two triazolyl protons in addition to the signals (6.6--8.1 ppm) for aromatic protons. Similarly, the ^13^C NMR spectrum of triazole compound **19** displays signals at δ 52.3 and δ 61.9 ppm, which correspond to N-methylene and O-methylene carbons, respectively, in addition to the signals (101.7--166.6 ppm) for the aromatic carbons ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03995/suppl_file/ao9b03995_si_001.pdf)).^[@ref57]^

3. Conclusions {#sec3}
==============

The stable, water-soluble, and fluorescent sub 1 nm sized poly(acrylic acid)-capped copper nanoparticles (PAACC NPs) were synthesized using the high-intensity ultrasound sonication (30 KHz) method in the presence of mild reducing agent [l]{.smallcaps}-ascorbic acid in the aqueous medium. The PAACC NPs were characterized by DRS UV--visible, XPS, PL, FESEM, and HRTEM techniques. The resulting PAACC NPs show orange fluorescence with a peaking center at 560 nm. The PAACC NPs demonstrate good catalytic activity for the synthesis of 1,2,3-triazole compounds via click reaction with excellent yields under mild reaction conditions.

4. Materials and Methods {#sec4}
========================

4.1. Reagents {#sec4.1}
-------------

Copper nitrate trihydrate (Merck-AR), sodium hydroxide (Merck-LR), poly(acrylic acid) (weight average molecular weight *M*~W~ ∼240000 by GPC, 25 wt % in H~2~O) (Sigma-Aldrich-AR), [l]{.smallcaps}-ascorbic acid (S.D. Fine Chemicals-LR), sodium ascorbate (Merck-LR), propargyl bromide (Merck-LR), 2-aminophenol (Merck-LR), 2-aminothiophenol (Merck-LR), 4-methylcinnamic acid (Merck-LR), 4-methyl benzaldehyde (Merck-LR), phosphorus oxychloride (Merck-LR), pyrocatechol (Merck-LR), acetylene (National Oxygen Limited), *N*-bromosuccinimide (NBS) (S.D. Fine Chemicals-LR), benzoyl peroxide (Merck-LR), potassium carbonate (Merck-LR), sodium bicarbonate (Merck-LR), sodium sulfate (Merck-LR), dimethyl sulfoxide (DMSO( (Merck-AR), dimethylformamide (DMF) (Merck-AR), tetrahydrofuran (THF) (Merck-LR), hexane (Merck-LR), acetone (S.D. Fine Chemicals-AR), chloroform (CHCl~3~) (S.D. Fine Chemicals-AR), tetrachloromethane (S.D. Fine Chemicals-AR), methanol (S.D. Fine Chemicals-AR), ethanol (S.D. Fine Chemicals-AR), and double distilled water were used.

4.2. Synthesis of Sub 1 nm Sized Poly(acrylic acid)-Capped Copper Nanoparticles (PAACC NPs) {#sec4.2}
-------------------------------------------------------------------------------------------

Copper nitrate trihydrate (0.5 g, 0.0021 M) was taken in a 100 mL beaker and dissolved in 50 mL of double distilled (DD) water. Then 1 mL of poly(acrylic acid) was added, and the mixture was sonicated for 10 min. The solution pH was maintained at 9 by the dropwise addition of 0.025 M sodium hydroxide with continuous sonication resulting in the formation of dark blue colloidal solution. Then 10 mL of [l]{.smallcaps}-ascorbic acid solution (2 g, 0.0114 M) was added, and the sonication was continued. Immediately, the blue colloidal solution turned yellow and changed to red within 10 min, which indicates the formation of Cu NPs. The reaction was continued for another 30 min. The solution was subsequently cooled and centrifuged at 10000 rpm for a period of 30 min, and the precipitate obtained was repeatedly washed with DD water. The Cu NPs were dried in a vacuum desiccator at room temperature under vacuum. The Cu loading percentage on PAA was 33.

4.3. Synthesis of Triazole Compounds Using Cu NPs as Catalysts Via Click Reaction {#sec4.3}
---------------------------------------------------------------------------------

Acetylene (1.0 equiv.) and azide (2.1 equiv.) were dissolved in a mixture of THF and H~2~O (1:1; 20 mL), and sodium ascorbate was added (4 mol %) followed by the addition of Cu NPs (1.0 mol %). The reaction mixture was stirred for 3 h at room temperature. After the reaction was complete, the solvent was evaporated. The crude product was dissolved in CHCl~3~ and washed with water followed by brine solution and dried over anhydrous sodium sulfate. The concentrated product was purified by column chromatography using chloroform/methanol (15:1) as the eluent. The yields of triazole products are as follows: compound **11** - 94%, compound **12** - 93%, compound **13** - 92%, compound **14** - 95%, compound **15** - 94%, compound **16** - 93%, compound **17** - 94%, compound **18** - 93%, and compound **19** - 95%.

4.4. Characterization {#sec4.4}
---------------------

The absorption spectra of poly(acrylic acid)-capped copper nanoparticles were recorded on a UV--visible spectrophotometer (PerkinElmer Lambda 650) in the wavelength range of 400 to 800 nm. The elemental analysis of PAACC NPs was obtained by XPS (XM1000 Omicron Nanotechnology) with Al Kα radiation (1486.7 eV energy). In the XPS investigation, the PAACC NPs were used in the form of pellet, and the spectra were calibrated to the C 1s core peak. The fluorescence spectrum of PAACC NPs was recorded using a JobinYvon Fluoromax-4P spectrofluorometer and also a PerkinElmer MPF-44B fluorescence spectrophotometer interfaced with a computer through a Rishcom multimeter. The surface morphology of the copper-NP-loaded poly(acrylic acid) microsphere was investigated by SEM (HITACHI-S3890). The sample was directly used for the investigation. An FEI TECNAI G2 (T-30) TEM with an acceleration voltage of 250 kV was employed to measure the particle size of PAACC NPs. A copper grid was used to prepare the sample after sonication. The ultrasonication for the preparation of PAACC NPs was carried out by using a UP100H, Ultrasonic Processor, (Hielscher, Ultrasound Technology (30 kHz) (rated current: 1 A, rated voltage: 200--240 V, cycle: 0.9, amplitude (%): 90, and rated frequency: 50/60 Hz)).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b03995](https://pubs.acs.org/doi/10.1021/acsomega.9b03995?goto=supporting-info).Preparation of alkyne compounds, procedure for benzoheterazole compounds, procedure for benzothiazole compounds, preparation of bromomethyl compounds, synthesis of azidomethyl compounds, calculation of % Cu loading on PAA, Table S1. FT-IR data of triazole compounds (**11**--**19**), Figure S1. FT-IR spectra of triazole compounds **11**--**19**, Figure S2. ^1^H NMR spectrum of compound **11**, Figure S3. ^1^H NMR spectrum of compound **12**, Figure S4. ^1^H NMR spectrum of triazole compound **19**, Figure S5. ^13^C NMR spectrum of triazole compound **19**, and Figure S6. ^1^H NMR spectrum of compound **16** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b03995/suppl_file/ao9b03995_si_001.pdf))
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